The acetogens are anaerobic bacteria that utilize the acetylcoenzyme A (CoA) pathway for synthesis of acetyl-CoA from C 1 compounds (6, 33) . The acetogens are diverse (6, 29, 31) , physiologically versatile (3, 7, 33) , and apparently ubiquitous in anoxic and suboxic environments (7) . It is not unlikely that acetogens are ecologically significant producers of acetate, a key intermediate in terminal carbon metabolism, in many environments.
Salt marshes are among the most productive ecosystems known. Much of salt marsh terminal carbon metabolism occurs in saturated, anoxic sediments and is due to sulfate-reducing bacteria or, in deeper, sulfate-limited sediments, to methanogenic Archaea. The root zones of salt marsh plants are foci of high microbial biomass and intensive activity by bacteria (reviewed in reference 20). These bacteria occur in sediments impacted by the roots (the rhizosphere), on the root surfaces (the rhizoplane), and within the root cortex (the endorhizosphere) (5, 20) . Despite intermittent oxygen availability in the rhizospheres of salt marsh plants due to gas transport processes (13, 32) , root-associated anaerobes, including sulfate reducers, methanogens, and acetogens, have been previously documented (9, 12, (19) (20) (21) 27) . Recently, Küsel et al. (17) demonstrated the presence of acetogenic bacteria in the rhizoplane and endorhizosphere of the seagrass Halodule wrightii. With the exception of recovery of a few partial sequences of the structural gene encoding the acetyl-CoA pathway enzyme, formyltetrahydrofolate synthetase (FTHFS), from roots of the dominant cordgrass Spartina alterniflora (19) , there has been no investigation of salt-marsh-plant-associated acetogens or acetogenesis. Consequently, we have little knowledge of what types of plants might harbor these organisms or what types of acetogens might be associated with salt marsh plants.
In this study, we have recovered and phylogenetically analyzed partial FTHFS sequences to examine the diversity of acetogenic and other FTHFS-containing bacteria associated with roots of dominant salt marsh plants. We found a clear demarcation between sequences recovered from the low-marsh dominant S. alterniflora (smooth cordgrass; designated Spartina hereafter) and those from two common high-marsh plants, Salicornia virginica (common pickleweed; designated Salicornia hereafter) and Juncus roemerianus (black needlerush; designated Juncus hereafter).
Live roots were collected from Salicornia, Juncus, and the short and tall growth forms of Spartina from the Crab Haul Creek basin of the North Inlet salt marsh (Georgetown, S.C.; 33°22ЈN,79°12ЈW) in September 2000. Juncus roots were obtained from a monophyletic stand near the fringe of the terrestrial biome and from a monophyletic patch within the short Spartina zone. Juncus roots were also collected from separate sites on Goat Island, which is also in the North Inlet ecosystem. Additionally, mixed root samples were taken from a mixed stand of Salicornia and short Spartina in the Crab Haul Creek basin. Roots were rinsed free of sediment with deionized water. DNA was purified from the root samples by using the direct lysis method of Lovell and Piceno (22) . Residual contaminants were removed by using the Wizard Prep DNA cleanup kit (Promega, Madison, Wis.).
DNA was extracted from cell pellets of authentic sulfatereducing bacteria by using the Wizard DNA purification kit (Promega). The sulfate-reducing bacteria were kindly provided by Richard Devereux and included the following: Desulfoarculus baarsii, Desulfomicrobium baculatum, Desulfovibrio desulfuricans, Desulfovibrio piger, Desulfovibrio salexigens, an unnamed Desulfovibrio isolate from H. wrightii roots designated summer lac-1, and unnamed isolates BG8 and BG14. We also recovered partial FTHFS sequences from two acetogenic Treponema strains, provided by John Breznak; Eubacterium limosum ATCC 8486, provided by Ralph Tanner; and Acetobacterium psammolithicum, provided by Harry Beller.
PCR amplifications, cloning, sequencing, translation and alignments were performed according to the methods of Leaphart and Lovell (19) . All root samples yielded strong, specific amplification products, although products from the mixed Salicornia-Spartina roots and from short Spartina were noticeably less intense than the others. The translated, partial FTHFS sequences were examined for key, highly conserved amino acids important to structure and/or function of this protein (19, 23, 26 Thirty-nine partial FTHFS sequences were recovered from Crab Haul Creek basin plant roots. Ten sequences were from short Spartina, 15 from tall Spartina, 10 from Salicornia, 2 from the Salicorni-Spartina mixed zone, 1 from the Juncus patch, and 1 from the Juncus terrestrial fringe main stand. Another 22 sequences were recovered from the Juncus patch, and 1 was recovered from the Juncus main stand from Goat Island. In total, 62 new sequences from salt marsh plant roots were included. Eight sequences were recovered from pure cultures of sulfate-reducing bacteria, two from acetogenic treponemes, and one each from E. limosum ATCC 8486 and A. psammolithicum. Sequences recovered from the roots of Goat Island short Spartina in a previous study (19) were included in this analysis and were designated Goat Island short Spartina.
Phylogenetic trees were constructed by neighbor joining, with complete deletion of gaps and missing data and Poisson correction for multiple substitutions (see reference 19) . Use of other distance estimation parameters and algorithms resulted in no significant effect on dendrogram topology (data not shown). The dendrogram (Fig. 1) contained three major FTHFS sequence clusters. Cluster A consisted of sequences from known pure culture acetogens as well as divergent sequences from known FTHFS-containing but nonacetogenic organisms. Three new tall and two new short Spartina sequences were included within Cluster A. Short Spartina 44 sequence was affiliated with Clostridium formicoaceticum and Clostridium aceticum (89.1% and 91.8% similar, respectively), as was tall Spartina 4 (87.1% similar to short Spartina 44). Short Spartina 4 and tall Spartina 34 were 83.9% similar to each other and were most similar to C. formicoaceticum and C. aceticum among the known acetogen sequences. Tall Spartina 32 grouped with Sporomusa ovata (78.1% similarity) and Sporomusa termitida (79.6% similarity). A separate small cluster fell between major clusters A and B and contained sequences short Spartina 3 and 45 and tall Spartina 25. These sequences all had similarities greater than 80%.
It seems significant that FTHFS sequences with strong affiliations to those from authentic acetogens were only recovered from roots of Spartina. This plant inhabits low marsh elevations where the frequency and duration of tidal flooding are greater than at higher elevations. Due to the slow rate of gas diffusion into water-saturated sediments and the high oxygen demand, bulk sediments in the short and tall Spartina zones are anoxic below the upper few millimeters (25) . However, Spartina ventilates its roots and rhizosphere (13, 32) , introducing oxygen. In light of recent findings that some, possibly most, acetogens can reduce free oxygen (16), ventilation would not be expected to hinder acetogen colonization of the roots. Salicornia lacks aerenchyma and is apparently unable to ventilate its rhizosphere (1) . Ventilation by J. roemerianus has not been described, though some Juncus species can ventilate (4). The selective advantages enjoyed by acetogens on Spartina roots relative to roots of the other salt marsh plants are presently unknown, but the differences in gas transport among these plants are intriguing.
Cluster B included the majority and greatest diversity of root FTHFS sequences. Subcluster B1 contained sequences from D. baarsii and sulfate-reducing isolate BG8, four sequences from short Spartina, and three sequences from the Goat Island Juncus patch. Subcluster B2 contained five sequences from Salicornia, four from the Goat Island Juncus patch, and two from short Spartina. Subcluster B3 contained a tight grouping of two tall Spartina sequences with the D. baculatus sequence. The tall Spartina 15 sequence was 99.4% similar to the D. baculatus sequence. This grouping was also allied with a group containing 10 sequences from the Goat Island Juncus patch, 3 from short Spartina, and 1 from the Spartina-Salicornia mixed zone. Subcluster B4 contained a tight grouping of sulfate reducer sequences with tall Spartina 20. The Desulfovibrio sp. summer lac-1 sequence was 99.7% similar to tall Spartina 20, while the D. desulfuricans sequence was 99.4% and 99.5% similar to summer lac-1 and tall Spartina 20, respectively.
Cluster B sequences were ubiquitous and diverse, and a number of them were very similar to FTHFS sequences recovered from known sulfate-reducing bacteria. Acetate is considered to be quantitatively the principal substrate for sulfate reducers in natural ecosystems (11, 18, 30) , and catabolism of acetate has been shown to occur through the tricarboxylic acid cycle (2, 10) and via the acetyl-CoA pathway, functioning in reverse (8, 28) . In addition, D. baarsii is capable of autotrophic acetogenesis by using FTHFS and the acetyl-CoA pathway (14, 15) . It seems likely, on the basis of the broad distribution of sulfate reducer FTHFS sequences within this cluster and the very high similarities between FTHFS sequences from known sulfate reducers and those from roots, that many of the root sequences within this cluster originated from sulfate-reducing bacteria.
Cluster C was relatively small and contained another grouping of a sulfate reducer sequence with a sequence from tall Spartina. The D. salexigens sequence was 99.7% similar to tall Spartina 21. This group was allied with short Spartina 25 and 40. Branching from this grouping were tall Spartina 35 and another grouping containing the D. piger sequence and short Spartina 42 (99.7% similar). Partial FTHFS sequences from Mesorhizobium loti and Sinorhizobium meliloti were also allied with these sequences, as were Goat Island Juncus patch 49 and the sequence for the Sphingomonas paucimobilis o-demethylating enzyme encoded by ligH, which has 60% similarity to the FTHFS sequence from Moorella thermoacetica (24) . The grouping of the S. paucimobilis LigH sequence with this cluster is of interest, but none of the sequences from plant roots was highly similar to that of LigH.
The diversity of partial FTHFS sequences recovered from salt-marsh-plant-associated acetogens and other FTHFS-containing organisms was substantial. The environmental FTHFS sequences within the true acetogen cluster included only sequences recovered from roots of Spartina. The other salt marsh plants inhabit somewhat different marsh zones, and the differences among the plant species and their habitats may provide the ecological basis for this finding. Further study of the rates of acetogenesis and FTHFS expression on the rhizoplane and Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the GenBank database under accession numbers AJ494749 to AJ494825.
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